Vibrio parahaemolyticus inhabits marine, brackish, and estuarine waters worldwide, where fluctuations in salinity pose a constant challenge to the osmotic stress response of the organism. Vibrio parahaemolyticus is a moderate halophile, having an absolute requirement for salt for survival, and is capable of growth at 1 to 9% NaCl. It is the leading cause of seafood-related bacterial gastroenteritis in the United States and much of Asia. We determined whether growth in differing NaCl concentrations alters the susceptibility of V. parahaemolyticus O3:K6 to other environmental stresses. Vibrio parahaemolyticus was grown at a 1% or 3% NaCl concentration, and the growth and survival of the organism were examined under acid or temperature stress conditions. Growth of V. parahaemolyticus in 3% NaCl versus that in 1% NaCl increased survival under both inorganic (HCl) and organic (acetic acid) acid conditions. In addition, at 42°C and ؊20°C, 1% NaCl had a detrimental effect on growth. The expression of lysine decarboxylase (encoded by cadA), the organism's main acid stress response system, was induced by both NaCl and acid conditions. To begin to address the mechanism of regulation of the stress response, we constructed a knockout mutation in rpoS, which encodes the alternative stress sigma factor, and in toxRS, a two-component regulator common to many Vibrio species. Both mutant strains had significantly reduced survival under acid stress conditions. The effect of V. parahaemolyticus growth in 1% or 3% NaCl was examined using a cytotoxicity assay, and we found that V. parahaemolyticus grown in 1% NaCl was significantly more toxic than that grown in 3% NaCl.
Vibrio parahaemolyticus is a Gram-negative bacterium that inhabits coastal waters worldwide. Vibrio parahaemolyticus grows optimally in warmer waters and is most commonly isolated during the summer months, often in association with plankton, crustaceans, mollusks, and fish (16, 17) . During the winter months, the organism is typically scarce and usually is isolated from sediment samples (16) . While V. parahaemolyticus has been shown to be the etiological agent of disease in several kinds of crustaceans and shellfish, it is most notably a pathogen of humans (17) . Vibrio parahaemolyticus was first discovered in Japan during an outbreak of gastroenteritis in 1950 (12) . It is the leading cause of seafood-related bacterial gastroenteritis in the United States and much of Asia (6, 39) . Infection is most frequently associated with the consumption of oysters harvested from warm waters, particularly along the U.S. Gulf Coast, where vibrios grow to high levels during the summer months (6, 7, 42) . Newly released data from the CDC comparing the incidence rates of laboratory-confirmed infections by gastrointestinal pathogens in 1996 to 2008 revealed an increase of 47% for Vibrio infections, of which V. parahaemolyticus accounted for 55%, while rates for all other enteric pathogens decreased or remained the same (5) . An outbreak of V. parahaemolyticus infections which caused rapid hospitalization of those infected occurred in India in 1995 (28) . These infections were caused by a single serogroup, a new, highly virulent O3:K6 strain, which has now disseminated globally (1, 6, 20, 26, 34, 38) . Recent studies report the recovery of O3:K6 isolates from the water in southern Chile, a region that previously was considered too cold to support the growth of this organism (4, 11, 13) .
All V. parahaemolyticus strains inhabit marine, brackish, and estuarine waters, where fluctuations in salinity pose a constant challenge to the adaptive response of the organism. Vibrio parahaemolyticus is moderately halophilic in nature and requires a minimum of 0.086 M (0.5%) NaCl for growth (29) . It has also been demonstrated that this organism has the ability to grow in medium containing NaCl concentrations upwards of 1.5 M, making V. parahaemolyticus more osmotolerant than many other Vibrio species, such as V. cholerae, V. vulnificus, and V. fischeri, which occupy similar niches (27) . In a recent study, we examined the genome of V. parahaemolyticus O3:K6 (designated RIMD2210633) and identified homologues of ectoine and betaine synthesis genes, as well as homologues of four single-component compatible solute transporters and two multicomponent compatible solute transporters (27) . The large compendium of compatible solute systems in V. parahaemolyticus suggests that they might play an additional role(s) in survival.
Within offshore waters, V. parahaemolyticus is generally faced with NaCl concentrations of 3.5% salinity (35 ppt) , but in estuarine systems and within oysters (which are osmoconformers), it must adapt to changes in salinity. In addition, as a human pathogen, once inside the human host, like most enteric pathogens, V. parahaemolyticus must overcome the inorganic-pH challenge presented by gastric acid from the stomach and organic acids found within the intestine, as well as decreas-ing salinity (salinity in the intestine is approximately 300 mM NaCl). Organic acids have the ability to cross the cell membrane and enter the cytoplasm of the cell, whereas inorganic acids remain in the extracellular environment. Once in the cells, the organic acids can disassociate, decreasing the cytoplasmic pH and increasing the turgor pressure within the cell due to increases in anions from the acids (9) . Thus, inorganic and organic acids can affect cells very differently.
We suggest that the ability to grow at different NaCl concentrations, such as those vibrios would encounter in estuarine environments, allows V. parahaemolyticus to adapt more effectively to other environmental stresses (temperature fluctuations) and to the challenges that occur upon invasion of the human host (low pH). In this study, we show that V. parahaemolyticus RIMD2210633 cells grown at 3% NaCl are more resistant to acid and temperature stresses than cells grown at 1% NaCl. We demonstrate that V. parahaemolyticus grown in 3% NaCl is better able to survive sublethal and lethal acid shock conditions, as well as persistent high-and low-temperature conditions. We determined possible regulatory mechanisms involved in stress responses by examining the global regulator genes toxRS and rpoS. Last, we examined how changing environmental conditions, such as high and low NaCl and low pH, might affect the virulence of V. parahaemolyticus by determining its cytotoxicity toward human intestinal (Caco-2) cells.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. All bacterial strains and plasmids used in this study are listed in Table 1 . Genetic manipulations used Escherichia coli strains DH5␣ pir and the diaminopimelic acid (DAP) auxotroph ␤2155 pir. Unless otherwise noted, all strains were grown in 5 ml of the appropriate medium aerobically (250 rpm) at 37°C in Luria-Bertani (LB) broth (Fisher Scientific, Fair Lawn, NJ) with the final NaCl (Fisher Scientific) concentration adjusted to percentages as appropriate. The E. coli ␤2155 DAP auxotroph was grown on medium supplemented with 0.3 mM DAP (Sigma Aldrich, St. Louis, MO). The V. parahaemolyticus O3:K6 strain was selected for streptomycin resistance as described below.
Growth under acidic conditions. Vibrio parahaemolyticus RIMD2210633 was grown overnight in 5 ml of LB (approximately 5 ϫ 10 9 CFU/ml) containing either 0.5% NaCl, 1% NaCl, or 3% NaCl (all at pH 7) and diluted 1:100 into 5 ml of fresh LB containing either 0.5%, 1%, or 3% NaCl, respectively, which was acidified to pH 5 using 1 M HCl. For growth under neutral conditions (pH 7), LB was adjusted using 1 M NaOH. To determine the effects of other cations on growth, LB containing various concentrations of KCl was examined. For growth analysis, 200 l of the diluted cultures were transferred to a 96-well microtiter plate and incubated at 37°C with shaking at high speed. Optical densities at 595 nm were measured hourly for 24 h using a Tecan Sunrise microplate reader and Magellan plate reader software (Tecan Systems Inc., San Jose, CA). Graphs based on the data obtained from the plate reader were plotted using the SigmaPlot 8 software program.
Bacterial stress survivability assays. To determine V. parahaemolyticus RIMD2210633 survivability under lethal acid conditions, cells were grown overnight under low-salt conditions (LB, 1% NaCl), and 100 l of these overnight cultures were diluted into 5 ml of fresh LB (1% NaCl) and allowed to grow to mid-log phase (optical density at 595 nm [OD 595 ] of 0.4). The OD was measured at 595 nm throughout this study. At this point, the cells were harvested by centrifugation (5,000 rpm for 5 min) and resuspended in either LB (1% NaCl) or LB (3% NaCl) (to mimic the salt concentrations of V. parahaemolyticus' ocean environment) and then incubated for 30 min at 37°C. Both cultures were harvested by centrifugation and resuspended in fresh LB (1.5% NaCl) with the pH adjusted to 4 with HCl. At 0, 30, and 60 min, the cells were serially diluted in phosphate-buffered saline (PBS) (Sigma Aldrich) and plated on LB plates (1.5% agar) supplemented with 3% NaCl. Colony counts were performed to determine the concentrations of the bacteria at the various time points, and the percent survival was determined by dividing the number of bacterial cells at 30 or 60 min by the initial starting concentration (0 min). In a separate set of experiments, survivability was also assessed as described above but with the bacteria grown overnight in LB (3% NaCl) and resuspended in LB (3% NaCl) throughout the remainder of the experiment. All cultures were grown in triplicate, and each experiment was performed at least twice. Next, we investigated the effect of organic acid stress on V. parahaemolyticus, since vibrios encounter both inorganic acid stress (in the stomach) and organic acid stress (in the intestine) during infection. Second, we wanted to examine the effects of both inorganic and organic acids on the adaptive acid tolerance response of V. parahaemolyticus. We followed the procedure outlined in studies conducted with V. cholerae and with Salmonella and other enteric pathogens for performing acid adaptation prior to examining survival in lethal acid (2, 9, 23) . We used both inorganic and organic acids in the same assay, since it is known that organic acid stress alone does not elicit an adaptive acid stress response (2, 9) . Briefly, V. parahaemolyticus was grown to mid-log phase with the addition of a 30-min adaptive phase in either pH 5.5 (inorganic acid stress) or 1 mM acetic acid (mixed organic and inorganic acid stress) that was adjusted to pH 5.5 with HCl before the cells were resuspended in fresh LB (1.5% NaCl) with the pH adjusted to 4 with HCl or 4 mM acetic acid.
To examine growth at high temperatures, the above protocol was repeated with the organism grown overnight in LB with either 1% or 3% NaCl at 37°C and then resuspended in fresh LB with 1% NaCl or 3% NaCl, respectively, under neutral conditions at 42°C. Vibrio parahaemolyticus is very sensitive to heat stress (47°C is lethal), so 42°C was chosen as a sublethal high-temperature stress. To determine survival under cold stress, cultures were grown overnight in LB with either 1% or 3% NaCl at 37°C and then resuspended in fresh LB with 1% or 3% NaCl, respectively, and grown to mid-exponential phase at 37°C. These cultures were then subjected to Ϫ20°C for a period of 24 h. Prior to plating at the 24-h time point, the cultures were thawed at room temperature.
Isolation of a streptomycin-resistant mutant strain of V. parahaemolyticus. In order to isolate streptomycin-resistant mutants of V. parahaemolyticus, a 5-ml overnight culture was centrifuged for 10 min at 4,000 ϫ g, and the bacterial pellet was resuspended in 100 l of fresh LB (3% NaCl). The resuspended culture was plated on LB plates containing 3% NaCl and 1,000 g/ml of streptomycin (Fisher Scientific) and incubated for 24 h at 37°C. Streptomycin-resistant colonies were plated and maintained on LB (3% NaCl) plates containing 200 g/ml of streptomycin.
Construction of V. parahaemolyticus ⌬toxRS and ⌬rpoS mutants from RIMD2210633. In-frame deletion mutants were created using splicing by overlap extension (SOE) PCR and allelic exchange (15) . Using the V. parahaemolyticus RIMD2210633 genome sequence (19) as a template, primers were designed and purchased from Integrated DNA Technologies (Coralville, IA) to perform SOE PCR and obtain single knockout mutants for VP0819-VP0820 (toxRS) and VP2553 (rpoS) ( Table 2 ). We constructed 669-bp and 394-bp truncated versions of the toxRS and rpoS genes, respectively. Briefly, the ⌬toxRS PCR fragment was cloned into the suicide vector pDS132 (31), which was designated pDS⌬toxRS. pDS⌬toxRS was subsequently electroporated into the Escherichia coli strain DH5␣ pir. pDS⌬toxRS was then plasmid purified and transformed into the E. coli strain ␤2155, a DAP auxotroph, and pDS⌬toxRS was then conjugated into V. parahaemolyticus RIMD2210633 via cross streaking on LB plates containing 0.3 mM DAP. Growth from these plates was then transferred to LB (3% NaCl) plates, which allows for optimal growth of V. parahaemolyticus, containing streptomycin (200 g/ml) and chloramphenicol (25 g/ml) to select only for V. parahaemolyticus containing pDS⌬toxRS. Exconjugate colonies were cultured overnight in the absence of antibiotics, and serial dilutions were plated on LB (3% NaCl)-10% sucrose to select for cells which had lost pDS⌬toxRS. Doublecrossover deletion mutants were then screened by PCR using the SOEFLtoxRSF and SOEFLtoxRSR primers. This procedure was similarly carried out for the deletion of the rpoS gene. RNA extraction, cDNA synthesis, and qPCR. Total RNA was extracted from V. parahaemolyticus RIMD2210633, using the RNAprotect bacterial reagent (Qiagen, Valencia, CA) and an RNeasy minikit (Qiagen) according to the manufacturer's protocols. Prior to RNA isolation, bacteria were cultured overnight in LB containing 3% NaCl at pH 7, and diluted in fresh LB (3% NaCl) at pH 7, and grown for 4 h or for 4 h in LB (3% NaCl) plus 30 min in LB (3% NaCl) at pH 5. Similarly, bacteria were cultured overnight in LB containing 1% NaCl at pH 7 and diluted in fresh LB (1% NaCl) at pH 7 and grown for 4 h in LB (1% NaCl) and 4 h in LB 1% NaCl plus 30 min in LB (1% NaCl) at pH 5. RNA quantity was assessed by measurement on a Nanodrop spectrophotometer (Thermo Scientific, Waltham, MA), and samples were subsequently treated with DNase to remove any contaminating genomic DNA (Turbo DNase; Invitrogen, Carlsbad, CA) as per the manufacturer's protocol. One g of each sample of RNA was run on a 1% agarose gel in 1ϫ Tris-borate-EDTA (TBE) buffer (Mediatech Inc., Herndon, VA) to ensure quality of the samples. cDNA was synthesized by using SuperScript II reverse transcriptase (Invitrogen) according to the manufacturer's protocol, with 500 g of RNA as a template and primed by 200 ng of random hexamers. cDNA samples were diluted 1:250 and used in quantitative real-time PCR (qPCR) using Fast SYBR green PCR master mix (Invitrogen) on an Applied Biosystems 7500 fast real-time PCR system (Foster City, CA). All assays were performed in triplicate at least twice. The gene-specific primers were designed using the Primer3 software program according to the real-time PCR guidelines and are listed in Table 2 . The data were analyzed using the Applied Biosystems 7500 software program, and differences in the ratio of expression were extrapolated using the delta-delta threshold cycle (C T ) method (30) . The levels of expression of each gene, as determined from their C T values, were normalized to the level of 16S rRNA to correct for sampling errors.
Cell culture conditions and cytotoxicity assays. Caco-2 cells were purchased from the American Type Culture Collection (Manassas, VA) and maintained in a monolayer in complete Dulbecco's modified Eagle's medium with 10% fetal bovine serum, incubated at 37°C with 5% CO 2 . The ability of V. parahaemolyticus to lyse Caco-2 cells was determined using the CytoTox 96 nonradioactive cytotoxicity assay (Promega, Madison, WI), which measures the release of lactate dehydrogenase (LDH) from lysed cells. Briefly, a 96-well plate was seeded with 1 ϫ 10 3 Caco-2 cells diluted in Hanks buffered salt solution (HBSS) (Mediatech). Vibrio parahaemolyticus wild-type cells and the ⌬toxRS mutant cells were grown under the following conditions: (i) in LB containing 3% NaCl at pH 7 or (ii) in LB containing 1% NaCl at pH 7. Vibrio parahaemolyticus cells were washed in HBSS once and subsequently resuspended in HBSS. Bacteria were then added to the wells containing Caco-2 cells at a multiplicity of infection of 100:1 and incubated for 4 h at 37°C with 5% CO 2. To account for the spontaneous loss of LDH from cells, wells containing Caco-2 cells only and wells containing bacterial cells alone were measured as controls. Supernatant from each well (50 l) was transferred to a fresh 96-well plate, and LDH was assessed according to the manufacturer's protocol. Percent cytotoxicity was measured using the following equation: (A experimental Ϫ A effector spontaneous Ϫ A target spontaneous )/(A 100% lysis Ϫ A target spontaneous ) ϫ 100, where A experimental stands for the absorbance of Caco-2 cells treated with V. parahaemolyticus, A effector spontaneous is the spontaneous release of LDH from wells with only bacterial cells, A target spontaneous is the spontaneous release of LDH from untreated Caco-2 cells, and A 100% lysis indicates cells that have been treated for maximal release of LDH.
RESULTS
Growth at sublethal pH is dependent upon NaCl concentration. Vibrio parahaemolyticus is a moderately halophilic organism with an absolute requirement for salt. Under our test conditions, V. parahaemolyticus grew best in neutral medium containing 3% NaCl (Fig. 1) . When the concentration of NaCl in the medium is decreased to 1 or 0.5% NaCl, the organism 1A) . To determine the effects of the NaCl concentration on the growth of V. parahaemolyticus under different stress conditions, we first examined growth under a sublethal (pH 5) acid condition. Wild-type V. parahaemolyticus RIMD2210633 was grown in LB containing 3%, 1%, and 0.5% NaCl at pH 5 ( Fig. 1B) . At pH 5, V. parahaemolyticus grew better in LB containing 3% NaCl, reaching an OD 595 of 1.5 (compared to 1.6 at pH 7). In contrast, when V. parahaemolyticus was grown in LB containing 1% NaCl at pH 5, the organism exhibited a 4-h lag time before the onset of log-phase growth and reached a final OD 595 of 1 (Fig. 1B) . When the NaCl concentration of the medium was reduced to 0.5% NaCl, V. parahaemolyticus failed to grow at pH 5 (Fig. 1B) . These data suggest that decreasing amounts of NaCl in the culture medium stresses the cells and hinders the ability of V. parahaemolyticus to resist acid stress conditions. We also determined whether or not growth in 1% NaCl or 3% NaCl and at pH 7 or pH 5 varied among different strains of V. parahaemolyticus. In addition to RIMD2210633, we repeated the growth experiments using the strains UCMV493 (an environmental isolate lacking tdh and trh), AQ4235 (a trh ϩ clinical isolate lacking tdh), and AN-5034 (tdh ϩ ; lacking trh) and found that there was no significant difference among strains for growth under the different NaCl concentrations and for growth at pH 5 (data not shown).
Next, we investigated whether it was specifically the sodium ion that conveyed an advantage to the organism under acidic conditions. When V. parahaemolyticus was grown in LB (3% KCl) adjusted to pH 5, the organism was able to reach a final OD 595 of only 0.8, compared with 1.4 when grown in LB (3% NaCl) (Fig. 1C) . This suggests that V. parahaemolyticus has the ability to grow in the presence of different cations, which was previously shown (29) . However, under mildly acidic conditions, cells grown in sodium are less susceptible to low-pH stress than those grown in potassium. After 24 h of bacterial growth, the pHs of LB (1% NaCl) at pH 5 and LB (3% NaCl) at pH 5 had both increased to approximately pH 7 in all of the experiments performed.
Growth in low salt enhances susceptibility to lethal pH stress. Next, we wanted to determine the effect of NaCl concentrations on V. parahaemolyticus when it was subjected to lethal pH stress (Fig. 2) . The organism was grown to mid-log phase in LB containing either 1% NaCl or 3% NaCl to a concentration of approximately 10 8 cells. These cells were then resuspended in fresh LB containing either 1% NaCl or 3% FIG. 1 . Effect of NaCl concentration on the ability of wild-type V. parahaemolyticus RIMD2210633 to grow under mild, sublethal acid stress (pH 5). Vibrio parahaemolyticus was grown aerobically at 37°C in either LB with 3% NaCl (closed triangles), LB with 1% NaCl (open circles), or LB with 0.5% NaCl (closed circles) at pH 7 (A) or pH 5 (B). The organism was also grown in LB with 3% KCl at pH 5 (C), and growth was determined at OD 595 . All cultures were grown in triplicate, and each experiment was performed at least twice. Error bars indicate standard deviations. An unpaired Student t test was used to infer statistical difference between cells grown in 3% NaCl and cells grown in either 1% or 0.5% NaCl for 24 h. ‫,ء‬ P Ͻ 0.02; ‫,ءء‬ P Ͻ 0.002; *** , P Ͻ 0.0001.
FIG. 2.
Effect of NaCl concentration on wild-type V. parahaemolyticus RIMD2210633 exposed to lethal acid stress (pH 4). Closed circles indicate cells grown exponentially in LB with 3% NaCl followed by growth in LB with 3% NaCl at pH 4 for up to 60 min. Closed triangles indicate cells grown exponentially in LB with 1% NaCl followed by growth in LB with 3% NaCl at pH 4 for up to 60 min. Open circles indicate cells grown in LB with 1% NaCl plus a 30-min resuscitation phase in LB with 3% NaCl prior to acidification to pH 4. Survivability was determined by dividing the surviving population at various time points by the initial population. All cultures were grown in triplicate, and each experiment was performed at least twice. Error bars indicate standard deviations. An unpaired Student t test was used to determine statistical differences between cells grown in 1% NaCl and cells grown in either 1% NaCl with the 30-min resuscitation in 3% NaCl or cells grown completely in 3% NaCl. * , P Ͻ 0.01; ** , P Ͻ 0.02; *** , P Ͻ 0.001.
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NaCl, respectively, which was adjusted to pH 4, about 10ϫ more acidic than the minimum pH this organism can grow at (pH 5). After 30 min, plating of cells originally grown in LB containing 1% NaCl showed a Ͼ6-log decrease in counts, where no surviving cells remained (limit of detection of 10 CFU/ml) (Fig. 2) . However, plating of cells grown in LB containing 3% NaCl showed significantly higher survival, with an approximate 2-log decrease in viable cells after exposure to acid stress for 30 min (P Ͻ 0.001) and an approximate 4-log decrease in viable cells after 60 min (P Ͻ 0.01) (Fig. 2) . To determine if the addition of a resuscitation phase in 3% NaCl would be sufficient to protect the organism, we grew V. parahaemolyticus cells to mid-log phase and then resuspended them in LB containing 3% NaCl for 30 min before subjecting them to pH 4. These cells showed a significantly higher survival than cells grown only in LB containing 1% NaCl, with a 4-log increase in survivability at the 30-min time point (P Ͻ 0.01) and a 2-log increase at the 60-min time point (P Ͻ 0.02) (Fig. 2) . These data show that a short resuscitation phase in 3% NaCl increases resistance of V. parahaemolyticus to low-pH conditions. Throughout the 60 min in lethal acid, the pH of the medium remained at 4.0. To determine whether the NaCl concentration plays a role in the organism's ability to withstand other stresses, we tested both growth at high temperature and survival at low temperature. First, we grew V. parahaemolyticus at 42°C in LB containing either 1% NaCl or 3% NaCl (Fig. 3A) . When grown in LB with 3% NaCl, the organism reached a maximum OD 595 of 1.4. However, when V. parahaemolyticus was grown in LB containing 1% NaCl, it reached a maximum OD of 0.4, which is a highly significant difference (P Ͻ 0.0001). We also examined survival of the organism at Ϫ20°C (Fig. 3B) . After 24 h of exposure to Ϫ20°C, we were able to recover 65% of the cells cultured in LB containing 3% NaCl; however, there was a significant decrease in survival for cells cultured in LB containing 1% NaCl (P Ͻ 0.0001), with a survival rate of Ͻ1% (limit of detection of 10 CFU/ml) (Fig. 3B) . Taken together, these data demonstrate that V. parahaemolyticus grown in 3% NaCl is better suited to withstand temperature stress than cells grown in 1% NaCl. Overall the data indicate that growth in 1% NaCl is a stress condition for the organism and reduces its ability to tolerate other stresses.
Transcriptional analysis of cadA, a known acid tolerance gene. In order to decipher the role of NaCl in acid survival, we determined the effect of NaCl on expression of the main acid response system in V. parahaemolyticus (Fig. 4) . The cadA gene (VP2890) encodes lysine decarboxylase, an enzyme responsible for the removal of CO 2 from the amino acid lysine, which has been previously shown to play a major role in the acid tolerance of V. parahaemolyticus (40) . We examined transcript levels of cadA in cells grown for 4 h in LB containing either 1% NaCl or 3% NaCl under strictly neutral conditions or after a subsequent 30-min period in LB containing either 1% or 3% NaCl at pH 5. In neutral-pH cultures containing 1% NaCl, the expression level for cadA was approximately 0.54 log (3.5-fold) higher than that observed in cells grown in 3% NaCl; however, this change was not statistically significant (P Ͼ 0.05) (Fig. 4) . Following exposure to acidic conditions (pH 5), cadA transcript levels exhibited approximately a 3.6-log (3,800-fold) and 3.1-log (1,350-fold) increase for cells grown in LB containing either 3% NaCl or 1% NaCl, respectively, which are significantly different from their pH 7 counterparts (P Ͻ 0.01) (Fig.  4) . Cells grown in 3% NaCl and then subjected to acid stress expressed cadA at an approximately 0.47-log (3-fold) higher level than cells that were grown in LB containing 1% NaCl and then acid stressed, and these differences were significantly different (P Ͻ 0.01). These data suggest that 3% NaCl may be important in the induction of the acid stress response, since FIG. 3 . Effect of high-and low-temperature stress on the growth and survival of V. parahaemolyticus RIMD2210633 at different NaCl concentrations. The organism was grown in either LB with 1% NaCl at pH 7 or LB with 3% NaCl at pH 7 at 42°C for 24 h (A). To study the role NaCl plays in low-temperature survival, exponential cultures of V. parahaemolyticus grown in either LB with 1% NaCl at pH 7 or LB with 3% NaCl at pH 7 were subjected to Ϫ20°C for 24 h (B). Survivability was determined by dividing the surviving population after 24 h by the initial population. All cultures were grown in triplicate, and each experiment was performed at least twice. Error bars indicate standard deviations. An unpaired Student t test was used to determine statistical differences between cells grown in 3% NaCl and cells grown in 1% NaCl. * , P Ͻ 0.0001.
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on October 23, 2017 by guest http://aem.asm.org/ cells grown in LB (3% NaCl) elicited a stronger cadA response after acidification than cells grown in LB (1% NaCl). Vibrio parahaemolyticus contains two pathways for the synthesis of the compatible solutes ectoine and betaine. In addition to its two synthesis systems, V. parahaemolyticus also contains six compatible solute transporters (27) . Thus, V. parahaemolyticus encodes triple the number of compatible solute systems found in V. cholerae that may have an additional role beyond the osmotic tolerance response in V. parahaemolyticus. We therefore examined the expression levels of the main compatible solute synthesis system genes ectA (VP1722) and betA (VP1111) and the betaine/carnitine/choline transporter 1 (BCCT1) gene (VP1723), proU1 (VP1726), BCCT3 gene (VPA0356), and proU2 (VPA1109) transport systems after inorganic acid stress shock and found no significant changes in expression levels (P Ն 0.05, data not shown). These data suggest that the compatible solute systems do not play a direct role in inorganic acid stress response. Roles of toxR and rpoS in stress response. To explore possible regulators in the stress response of V. parahaemolyticus, we examined the two-component regulatory operon toxRS (VP0819-VP0820) and the alternative 38 sigma factor rpoS (VP2553). First, we examined the expression patterns of both toxR and rpoS under different NaCl concentrations and pH conditions to determine whether there are differences in expression patterns (Fig. 5) . We evaluated mRNA transcript levels of toxR in LB (1% NaCl) at pH 7 or pH 5 or in LB (3% NaCl) at pH 5 relative to transcript levels in cells grown in LB with 3% NaCl at pH 7 (Fig. 5A) . When V. parahaemolyticus was grown in LB containing 1% NaCl at neutral pH, toxR expression increased approximately 5-fold compared to that when the organism was grown in LB containing 3% NaCl (Fig. 5A ). When LB with 3% NaCl was acidified to pH 5, the expression of toxR increased approximately 9-fold (Fig. 5A) . In LB containing 1% NaCl at pH 5, expression of toxR was approximately 10-fold higher. In all cases, the changes in cellular toxR expression were found to be statistically significant compared to results with LB (3% NaCl) at pH 7 (P Ͻ 0.0001) (Fig. 5A) .
The mRNA transcript levels of rpoS were also examined in cells grown in LB (1% NaCl) at pH 7 or pH 5 or in LB (3% NaCl) at pH 5 relative to rpoS transcript levels for cells grown in LB (3% NaCl) at pH 7 (Fig. 5B) . The expression level of rpoS decreased approximately 8-fold in cells grown in 3% NaCl at pH 5 relative to that in cells grown in 3% NaCl at pH 7. In cells grown in 1% NaCl at pH 7, the expression of rpoS in cells decreased approximately 3-fold, while in 1% NaCl at pH 5, expression of rpoS decreased approximately 37-fold relative to that in cells grown in LB with 3% NaCl at pH 7 (Fig. 5B) . In all cases, the decrease in rpoS expression levels was significant (P Ͻ 0.0001) compared to results with LB (3% NaCl) at pH 7 (Fig. 5B ). These data demonstrate that both the NaCl concentration and acid conditions have an effect on expression of these regulators, with both stress conditions inducing toxR and repressing rpoS expression.
Effect of ⌬toxRS and ⌬rpoS on acid stress survival. To further assess the role these regulators might play in the stress response, we created deletions in either the toxRS operon or the rpoS gene in V. parahaemolyticus RIMD2210633. The rpoS gene encodes a homologue of the stress/stationary-phase sigma factor, and toxRS encodes a regulatory system, ToxRS, that in V. cholerae is required for the acid stress response (21) (22) (23) (24) . The ⌬toxRS and ⌬rpoS mutants and the wild type were grown in LB with 1% NaCl, 3% NaCl, or 6% NaCl at 37°C to evaluate growth under low-NaCl conditions, optimal NaCl conditions, and a higher-than-optimal NaCl condition, which is rarely seen FIG. 4 . Relative expression of cadA in 1% and 3% NaCl and at pH 7 and pH 5. Wild-type V. parahaemolyticus RIMD2210633 was grown for 4 h prior to RNA extraction under the following conditions: (i) LB with 3% NaCl at pH 7, (ii) LB with 3% NaCl at pH 7 plus an additional 30 min at pH 5, (iii) LB with 1% NaCl at pH 7, and (iv) LB with 1% NaCl at pH 7 plus an additional 30 min at pH 5. Bars represent expression levels of cadA normalized to 16S rRNA and relative to the expression levels found in V. parahaemolyticus grown in LB with 3% NaCl at pH 7 as determined by use of qPCR. RNA was extracted on at least two separate occasions for all of the conditions examined, and qPCR was carried out in duplicate for each gene. Error bars indicate standard deviations. An unpaired Student t test was used to determine statistical differences between results for LB with 3% NaCl at pH 5 and those for LB with 1% NaCl at pH 5. * , P Ͻ 0.01.
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on October 23, 2017 by guest http://aem.asm.org/ in the natural environment. For all three of the NaCl concentrations tested, the growth of the two mutants was comparable to that of the wild-type strain, suggesting that neither toxRS nor rpoS is essential for regulation of the osmotic stress response (data not shown). We performed a lethal acid survivability assay with both mutant strains grown in LB containing 3% NaCl subjected to inorganic (HCl, pH 4) acid stress and compared the survivability of the two mutants against that of wildtype V. parahaemolyticus. Again, the pH remained at 4 throughout the 60 min in lethal acid. Also, we performed the survivability assay using organic acid (4 mM acetic acid), since there is evidence that organic acids affect cells in a different manner from inorganic acid and in some cases require different stress response systems. Both mutants demonstrated significantly higher mortality in the presence of inorganic acid (Fig.  6A) . By 30 min, we were not able to recover any viable ⌬toxRS mutant cells (P Ͻ 0.01). At the same time point, the ⌬rpoS mutant exhibited an approximately 3-log decrease in survival compared with the wild type (P Ͻ 0.01), and by 60 min, there were no recoverable ⌬rpoS cells (P Ͻ 0.01) (Fig. 6A ). Both mutants also demonstrated an approximately 1-log decrease in survival compared with the wild type at 30 min of exposure to 4 mM acetic acid (P Ͻ 0.01) (Fig. 6B) . By 60 min, we were not able to recover any viable cells for either of the mutants (P Ͻ 0.01). This suggests that both the toxRS operon and the rpoS gene play important roles in V. parahaemolyticus survival in lethal levels of both inorganic and organic acids. Next, we examined whether an acid-adaptive phase could rescue the ⌬toxRS and ⌬rpoS mutant strains to wild-type levels in acid survivability assays. Here we included an additional 30 min of acid adaptation either in pH 5.5 (HCl) or with the addition of 1 mM acetic acid after adjustment to pH 5.5 (HCl). This 30-min acid adaptation phase rescued the ⌬rpoS mutant to wild-type levels ( Fig. 6C and D) . In contrast, the ⌬toxRS mutant was not completely rescued to wild-type levels and continued to show significantly reduced mortality (P Ͻ 0.001) even though it demonstrated better survival after preadaptation in sublethal acid than when it was not preadapted ( Fig. 6C and  D) . These data suggest that ToxRS plays a more significant role in the response to both inorganic and mixed inorganic/ organic stress than does RpoS. Cytotoxicity toward Caco-2 cells. To begin to determine the physiological role that changing NaCl conditions might play on the virulence of V. parahaemolyticus, we investigated cytotoxicity toward Caco-2 cells. For these assays, V. parahaemolyticus was grown in either LB with 1% NaCl at pH 7 or LB with 3% NaCl at pH 7 (Fig. 7) . Wild-type cells grown in LB (3% NaCl) at pH 7 produced the lowest levels of cellular lysis (10.4%). When the organism was grown in LB (1% NaCl) at pH 7, we observed 35% cytotoxicity, which was a statistically significant increase in percent cytotoxicity (P Ͻ 0.01) (Fig. 7) . We next examined the ⌬toxRS deletion mutant, since we expected it to exhibit reduced cytotoxicity to Caco-2 cells since the toxRS operon has been linked previously to positive regulation of expression of the thermostable direct hemolysin gene in V. parahaemolyticus (18) . In addition, there is also evidence that the toxRS operon responds to environmental stimuli, such as changing salinity (18) . When the ⌬toxRS mutant was grown in LB with 3% NaCl at pH 7, we observed 27% cytotoxicity, compared with 10.4% cytotoxicity for the wild type under the same conditions, while the ⌬toxRS mutant grown in LB with 1% NaCl at pH 7 showed 32% cytotoxicity. The cytotoxicity of the ⌬toxRS mutant grown in both LB (1% NaCl) at pH 7 and LB (3% NaCl) at pH 7 was significantly higher than that for the wild type grown in LB (3% NaCl) at the same pH (P Ͻ 0.01). No significant difference in cytotoxicity was observed between wild-type cells grown in 1% NaCl and the ⌬toxRS mutant. The rpoS mutant was also examined, and it showed cytotoxicity levels that were similar to those for wild-type cells (data not shown).
DISCUSSION
In order to determine the role that changes in osmolarity play in the stimulation of acid tolerance and thermotolerance in V. parahaemolyticus, we examined the effects of growth in 1% or 3% NaCl on the ability of the organism to resist these additional stresses. We found that growth of V. parahaemolyticus at 3% NaCl protects the organism from low organic and inorganic pHs and from both low and high temperatures. We found that 1% NaCl is a stress condition that prevents adaptation to additional stresses. These findings could lead to harvesting and processing interventions to ameliorate V. parahaemolyticus O3:K6 levels in shellfish. Most bivalves are classified as osmoconformers, that is, their internal osmolarity fluctuates in accordance with the osmolarity of their external environment, which may be either estuarine or oceanic or any level in between (14, 36) . The effect of growth in 3% NaCl was quite pronounced under acid conditions and was correlated with increased expression of cadA. Recently Tanaka and colleagues identified cadA (VP2890), which encodes lysine decarboxylase, in V. parahaemolyticus and showed transcriptional expression of the lysine decarboxylase after acid induction and in the presence of external lysine (40) . The cadA-mutated strain constructed in their study showed reduced tolerance to acidic conditions compared to the wild type (40) . In E. coli, there are at least three known inducible systems for acid resistance (10, 35) . The first and second systems are glutamate dependent and arginine dependent, requiring glutamate decarboxylase and arginine decarboxylase, respectively. Neither of these systems is present in V. parahaemolyticus, and it appears that Cad is the sole decarboxylase system in this organism. We found that cadA expression was induced by low pH regardless of the NaCl concentrations of the growth media. However, cadA expression was significantly higher (P Ͻ 0.01) in LB with 3% NaCl at pH 5 than was the case for cells in LB with 1% NaCl at pH 5, which may explain why cells grown under these conditions better tolerate low-pH stress. FIG. 6 . Effect of acid stress on the ⌬toxRS and ⌬rpoS deletion mutants. Wild-type (closed circles), ⌬toxRS (closed triangles), or ⌬rpoS (open circles) cells were grown in LB with 3% NaCl and subjected for 60 min to either inorganic (pH 4) stress (A) or organic (4 mM acetic acid, pH 4.5) stress (B) or given a preadaptation step prior to the assay of either 30 min at pH 5.5 (HCl) (C) or 1 mM acetic acid adjusted to pH 5.5 (HCl) (D). Survivability was determined by dividing the surviving population at various time points by the initial population. All cultures were grown in triplicate, and each experiment was performed at least twice. Error bars indicate standard deviations. An unpaired Student t test was used to determine statistical differences in survival between the wild-type cells and both the ⌬toxRS and ⌬rpoS deletion mutants. * , P Ͻ 0.01; ** , P Ͻ 0.001; *** , P Ͻ 0.0001.
VOL. 76, 2010 SALT LEVELS AND V. PARAHAEMOLYTICUS STRESS RESPONSES 4727
The third acid tolerance system in E. coli requires the rpoS stress response sigma factor, a homologue of which, VP2553, is present in V. parahaemolyticus RIMD2210633, sharing 76% and 80% amino acid identity with RpoS in E. coli and V. cholerae, respectively. RpoS was originally described as a stationary-phase stress response sigma factor in bacteria and has since been shown to be important for cell survival under stress conditions, such as oxidative stress and exposure to acid in many pathogens, and in both the exponential-and stationaryphase acid tolerance response of E. coli, Salmonella enterica serovar Typhimurium, and V. cholerae (41) . In our study, we found that rpoS expression was higher in cells grown in 3% NaCl than in those grown in 1% NaCl regardless of pH conditions. Overall rpoS expression was reduced at pH 5 compared to that at pH 7. The rpoS mutant strain we constructed had significantly reduced resistance to both lethal inorganic and organic acid conditions compared to the wild type. However, a short adaptive phase restored the rpoS mutant to wild-type levels (Fig. 6D) . These data suggest that in V. parahaemolyticus, RpoS may not be the main or only alternative stress response sigma factor. Our analysis of the V. parahaemolyticus RIMD2210633 genome identified at least 11 putative sigma factors, which include the open reading frames VP0055 (encoding extracytoplasmic sigma factor), VP0404 (encoding RpoD), VP2210 (encoding RpoD), VP2232 (encoding RpoF), VP2358 (encoding RpoD), VP2553 (encoding RpoS), VP2578 (encoding RpoE), VP2670 (encoding RpoN), VP2953 (encoding RpoH), VPA1555 (encoding RpoF), and VPA1690 (encoding RpoD). This is four more than are present in other enteric species, such as E. coli and S. enterica.
Vibrio cholerae, a pathogen closely related to V. parahaemolyticus, also encodes only the Cad system among the three decarboxylase systems described above. It uses an additional regulatory system, ToxRS (encoded by toxRS), a signal transduction system composed of the transmembrane proteins ToxR and ToxS (21) (22) (23) (24) , for the acid stress response. In V. cholerae, ToxR is a transcriptional activator which senses changes in the environment and cocoordinately regulates the expression of at least 60 genes, including those encoding multiple virulence factors and outer membrane proteins and those involved in both the acid and bile stress responses (3, 8, 21-25, 32, 33, 37) . The toxR and toxS genes in V. parahaemolyticus share 51% and 65% amino acid identity, respectively, with those in V. cholerae. In this study, we found that expression of toxR was increased 10-fold at pH 5.0 compared to that at pH 7.0, regardless of the NaCl concentration. Compared to rpoS, the toxR gene was significantly induced under acid conditions (P Ͻ 0.0001). In similarity to the V. parahaemolyticus ⌬rpoS mutant strain, the ⌬toxRS mutant had a reduced ability to survive under both lethal inorganic and organic acid conditions. An adaptive phase of 30 min at sublethal inorganic or organic acid concentrations did not restore the ⌬toxRS mutant to wild-type levels in the survivability assays; however, the ⌬rpoS mutant was restored. These data indicate that ToxR plays an essential role in acid tolerance in V. parahaemolyticus for both inorganic and organic stress. It is known that in V. cholerae, ToxR directly and positively regulates the expression of ompU, which encodes the outer membrane protein OmpU (21, 22) . A homolog of OmpU (VP2467) is present in V. parahaemolyticus, and it will be interesting to determine if ToxR plays a role in the regulation of OmpU and what its possible role may be in the acid stress response.
In summary, we show that growth of V. parahaemolyticus in different NaCl concentrations can greatly affect its response to pH and temperature stresses. Wild-type V. parahaemolyticus grew better in neutral-pH medium containing 3% NaCl than at pH 5.0 in medium containing 3% NaCl, suggesting that this pathogen may grow better in normal (neutral-pH) seawater. In medium containing 3% NaCl, there was a 65% survival of V. parahaemolyticus after freezing for 24 h at Ϫ20°C, but in medium containing only 1% NaCl, there was Ͻ1% survival. This suggests that oysters obtained from low-salinity waters may experience greater reductions of V. parahaemolyticus during frozen storage, particularly since oysters are osmoconformers, adjusting their tissue salinities to the levels found in the seawater. From a practical standpoint, short-term freezing may be a viable processing intervention to reduce V. parahaemolyticus O3:K6 levels in oysters regardless of the water conditions from which they were obtained, but our results suggest that greater benefit would likely be obtained for oysters obtained from low-salinity seawater. Tests for cytotoxicity of V. parahaemolyticus toward human intestinal cells showed greater cytotoxicity when V. parahaemolyticus was propagated in medium containing 1% NaCl (35% toxicity) than with 3% NaCl (10.4% toxicity). Our studies suggest that it may be possible to manipulate harvesting and storage conditions to reduce V. parahaemolyticus O3:K6 levels in shellfish; however, shellfish-based studies are needed to confirm these findings. Wild-type cells and ⌬toxRS cells were grown in LB with 1% NaCl at pH 7 or LB with 3% NaCl at pH 7 before being incubated with Caco-2 cells at an MOI of 100:1. Each condition was examined in triplicate, and the experiment was repeated at least twice. Error bars indicate standard deviations. The paired t test was performed to determine statistical difference between the samples tested. The asterisk denotes significant difference between results for wild-type cells grown in LB with 1% NaCl or ⌬toxRS cells grown in either LB with 1% NaCl or LB with 3% NaCl (P Ͻ 0.01) compared with results for wild-type cells grown in LB with 3% NaCl. 
